Characteristic for cruciferous plants is their production of N-and S-containing indole phytoalexins with disease resistance and cancer-preventive properties, previously proposed to be synthesized from indole independently of tryptophan. We show that camalexin, the indole phytoalexin of Arabidopsis thaliana, is synthesized from tryptophan via indole-3-acetaldoxime (IAOx) in a reaction catalyzed by CYP79B2 and CYP79B3. Cyp79B2͞cyp79B3 double knockout mutant is devoid of camalexin, as it is also devoid of indole glucosinolates [Zhao, Y., Hull, A. K., Gupta, N. R., Goss, K. A., Alonso, J., Ecker, J. R., Normanly, J., Chory, J. & Celenza, J. L. (2002) Genes Dev. 16, 3100 -3112], and isotope-labeled IAOx is incorporated into camalexin. These results demonstrate that only CYP79B2 and CYP79B3 contribute significantly to the IAOx pool from which camalexin and indole glucosinolates are synthesized. Furthermore, production of camalexin in the sur1 mutant devoid of glucosinolates excludes the possibility that camalexin is derived from indole glucosinolates. CYP79B2 plays an important role in camalexin biosynthesis in that the transcript level of CYP79B2, but not CYP79B3, is increased upon induction of camalexin by silver nitrate as evidenced by microarray analysis and promoter-␤-glucuronidase data. The structural similarity between cruciferous indole phytoalexins suggests that these compounds are biogenetically related and synthesized from tryptophan via IAOx by CYP79B homologues. The data show that IAOx is a key branching point between several secondary metabolic pathways as well as primary metabolism, where IAOx has been shown to play a critical role in IAA homeostasis. C haracteristic for cruciferous plants is the synthesis of a wide range of species-specific phytoalexins that structurally are sulfur-containing indole alkaloids (1) and the synthesis of glucosinolates (reviewed in ref.
C
haracteristic for cruciferous plants is the synthesis of a wide range of species-specific phytoalexins that structurally are sulfur-containing indole alkaloids (1) and the synthesis of glucosinolates (reviewed in ref. 2) . Both groups of natural products are involved in plant defense and have cancer-preventive properties (3, 4) . Very little is known about the biosynthetic pathway of the S-containing indole phytoalexins. Their similar structure with N-and S-containing side chains at C-3 of the indole ring suggests a biogenetic relationship (5) . Camalexin (3-thiazol-2Ј-yl-indole) is produced in the model plant Arabidopsis thaliana (6) . It is induced by a variety of microorganisms, e.g., Pseudomonas syringae (6) and Alternaria brassisicola (7) , and by abiotic factors, such as AgNO 3 (8) . These findings make camalexin a good model compound for studying biosynthesis and regulation of cruciferous indole phytoalexins. In vivo feeding experiments where radiolabeled anthranilate and tryptophan were applied on leaves treated with AgNO 3 led to the suggestion that tryptophan was not a precursor in camalexin biosynthesis because tryptophan was much less efficiently incorporated into camalexin compared with anthranilate (8, 9) . The data were further supported by labeling studies performed in three tryptophan mutants (8) , where reduced levels of camalexin accumulated in trp1-100 with an impaired anthranilate transferase but not in trp3-1 and trp2-1 mutants with mutations in the ␣ and ␤ subunits of tryptophan synthase, respectively. In vivo feeding experiments with radiolabeled anthranilate and indole showed that indole was most efficiently incorporated into camalexin, and that feeding of anthranilate was followed by a transient accumulation of indole (10) . Accordingly, it was suggested that indole destined for camalexin is produced by a pathway that does not involve tryptophan synthase (10) but, e.g., a homolog of the ␣-subunit tryptophan synthase such as BX1 from maize that catalyzes the formation of indole in 2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one biosynthesis (11) .
Glucosinolates are derived from amino acids that are converted to the corresponding oximes by cytochromes P450 belonging to the CYP79 family (2) . In Arabidopsis, CYP79B2 (12, 13) and CYP79B3 (12) catalyze the conversion of tryptophan into indole-3-acetaldoxime (IAOx) that is channeled by the oxime-metabolizing CYP83B1 into the biosynthetic pathway of indole glucosinolates (14, 15) . Furthermore, IAOx has been shown to be a precursor of the phytohormone indole-3-acetic acid (IAA) as evidenced by enzyme studies with radiolabeled IAOx (16) and the high-auxin phenotype of knockout mutants in postoxime enzymes in glucosinolate biosynthesis, such as sur1 (17) and sur2 (14, 18) . Based on structural similarity, it has been suggested that brassinin and possibly other cruciferous phytoalexins were derived from the indole glucosinolate glucobrassicin (5) . However, in a recent in vivo feeding study in turnip (Brassica rapa) roots with deuterated IAOx and glucobrassicin, IAOx, and not glucobrassicin, was incorporated into brassinin and brassinin-derived phytoalexins, indicating that IAOx is an intermediate in brassinin biosynthesis (19) .
In this manuscript, we show that camalexin is synthesized from tryptophan via IAOx by CYP79 homologues, and that it is not derived from indole glucosinolates. Furthermore, we provide data that indicate that CYP79B2 and CYP79B3 have differential functions in camalexin biosynthesis.
Methods
Plant Material. Cyp79B2, cyp79B3, and cyp79B2͞cyp79B3 knockout mutants (20) originating from the Salk Institute collection were kindly provided by Y. Zhao (University of California at San Diego, La Jolla). Generation of 35S::CYP79B2 has been described (13) . Seeds of sur1-3 were a kind gift from C. Bellini (Institut de la Recherche Agronomique, Versailles, France). All mutants and transgenic lines are in Col-0 background. Plants were grown in soil mixed with sand (3:1) in a walk-in growth chamber (HEMZ 20͞240͞S, Heraeus) at 12 h light, 80-100 mol of photons per m 2 per sec, 18°C, and 40% relative humidity.
Silver Nitrate Induction and Extraction of Camalexin. For camalexin induction, 4-and 6-week-old rosette leaves were sprayed with a thin film of 5 mM AgNO 3 ͞0.02% Silwet L-77. Until harvest, plants were covered with a transparent plastic hood to avoid desiccation. For each measurement, three leaves were cut at the petiole, weighed, and frozen in liquid nitrogen. Camalexin was extracted as described (6) , with the following minor modifications. Extraction was performed twice for 30 min in 600 l of MeOH͞H 2 O (1:1) at 60°C. Samples were analyzed by reverse-phase HPLC (LiChroCART 250-4, RP-18, 5 m, Merck; 1 ml⅐min Ϫ1 MeOH͞H 2 O (3:2) for 1 min, followed by a 14-min linear gradient to 100% MeOH and then 3 min at 100% MeOH). The peak at 16.2 min was identified as camalexin by comparison with authentic standard with respect to retention time and UV spectrum (photodiode array detector 168, Beckman Instruments, Fullerton, CA) and quantified by using a Shimadzu F-10AXL fluorescence detector (318 nm excitation and 370 nm emission) and by UV absorption at 318 nm. C]tryptophan, and 6-f luoro-indole-3-acetaldoxime (6-FIAOx) was synthesized from 20 mg 6-F-tryptophan, essentially as described (21) . R f values of 0.35 and 0.21 were determined for 6-F-indole-3-acetaldehyde and 6-F-IAOx, respectively, in TLC analysis (CHCl 3 ͞MeOH, 96:4). IAOx and 6-F-IAOx were characterized by NMR (Avance 400, Bruker, Billerica, MA, in MeOH-d4, 1 H at 400.1 and 13 C at 100.6 Mhz). ␦ H values are relative to internal TMS and ␦ C -values are based on ␦ C (MeOHd4) ϭ 49.05. Assignments (Fig. 1 ) are based on 1D spectra ( 1 H, 13 C, and distortionless enhancement by polarization transfer) as well as 2D spectra (COSY, heteronuclear sequential quantum correlation, heteronuclear multiple bond correlation, and Jresolved 2D correlation). Some chemical shifts have been retrieved from the 2D spectra. The (E)-and (Z)-isomers were present in a ratio of Ϸ2:1 and Ϸ17:1 for IAOx and 6-F-IAOx, respectively. To confirm their identity, camalexin and 6-F-camalexin were purified by HPLC from an extract of 30 leaves labeled with F-IAOx, as described above, and analyzed by GC-MS with a HP5890 Series II gas chromatograph (Hewlett-Packard) coupled to a JEOL JMS-AX505W mass spectrometer (source conditions: electrospray ionization mode and 70 eV at 200°C) with head pressure at 100 kPa and splitless injection. An SGE column (BPX5, 25 m ϫ 0.25 mm, 0.22-mm film thickness) was used. The oven temperature program was 80°C for 2 min, 80-200°C at 20°C͞min, 200-300°C at 5°C͞min, and 300°C for 30 min. The molecular ion was base peak for camalexin as well as 6-F-camalexin (at m͞z 200 and 218), and R t was 17.6 and 17.4 min, respectively. For 14 C-precursors, the labeling method was modified to avoid a strong unknown background signal comigrating with camalexin in the TLC analysis after feeding with [2Ј-14 C]IAOx. The cuticula was removed with a razor blade, and 10 l (1 nCi͞l; 1 Ci ϭ 37 GBq) of indole (50 mCi͞mmol), tryptophan (58.1 mCi͞mmol), and IAOx (58.1 mCi͞mmol), respectively, in H 2 O͞ EtOH (1:1) was spotted on each leaf in 1-l droplets. After 16 h, extracts of the leaves were separated by TLC (CHCl 3 ͞MeOH, 9:1) and analyzed on a Storm 860 phosphorimager (Amersham Pharmacia). Radiolabeled bands comigrating with camalexin were analyzed. Background from parallel analysis of extracts of noninduced plants was subtracted. RNA Isolation and Microarray Analysis. The custom-designed oligoarray used in this experiment contains oligonucleotide probes (50-mers) for 244 cytochromes P450, 107 glycosyltransferases, 35 genes from aromatic amino acid biosynthesis, 53 genes from secondary metabolism, 9 normalization genes, and 6 control genes. Probes were printed in duplicate, i.e., each gene was represented twice on each array. Each of the genes had been manually annotated (C. Kristensen and S. Bak, personal communication), and this information was used by MWG Biotec (Ebersberg, Germany) to design gene-specific 50-mer oligonucleotides (22) . Synthesis of oligonucleotides and microarray fabrication was performed by MWG Biotec. Six-week-old plants were sprayed with 5 mM AgNO 3 ͞0.02% Silwet L-77 or 0.02% Silwet L-77 (control) and incubated for 16 h. Total RNA was isolated from eight leaves by using TRIzol reagent (Life Technologies, Rockville, MD). Twenty micrograms of each RNA sample (one control and one treated sample) was reverse transcribed, labeled with Cy3 and Cy5, and purified by using the RPN 5660 Cy Scribe cDNA Post Labeling Kit and the GFX purification kit (Amersham Pharmacia). Sample tubes containing Cy3-and Cy5-labeled cDNA were pooled and dried under vacuum to a final volume of 1 l, and 15 l of formamide hybridization buffer (MWG Biotec) was added. Before hybridization, the probe was left at 95°C for 2 min and then applied to the microarray under a coverslip. Slides were placed in hybridization chamber, and 10 l of H 2 O was placed in each corner of the chamber before sealing. Slides were incubated for 15 h at 42°C, followed sequentially by washes for 5 min in 2ϫ SSC (1ϫ SSC ϭ 0.15 M sodium chloride/0.015 M sodium citrate, pH 7)͞0.1% SDS, 0.5ϫ SSC͞0.1% SDS, and finally in 0.5ϫ SSC. Slides were dried by centrifugation at 3,000 ϫ g for 5 min.
Microarrays were scanned with a GMS 418 Array Scanner (Genetic MicroSystems, Woburn, MA). The two channels were normalized with respect to signal intensity by adjusting photomultiplier and laser power settings such that the number of saturated spots was the same in the two channels. The microarray analysis, image analysis, and signal quantification were performed by using IMAGENE 5.5 and GENESIGHT 3.5.2 (Biodiscovery, San Francisco). Background correction was performed, and spots showing a signal value lower than twice the background value were discarded. The experiment was performed twice, which result in four ratio values for each gene because one slide contains two replicate spots. Statistically significantly expressed genes were obtained by using SAM statistical software (23) .
Generation of CYP79B3p::␤-glucuronidase (GUS) Plants and Infection
with P. syringae. A 2,668-bp fragment, containing 2,413 bp of the promoter and 255 bp of the 5Ј end of the coding region of CYP79B3, was PCR amplified from gDNA of Arabidopsis (Col-0) by using the primers 5Ј-tagtcagatctaccatgggtcctggcgggagaggatg-3Ј introducing a BglII restriction site at the 3Ј end and 5Ј-gctacactgcaggtccattagtattagtttgaggttggag-3Ј introducing a PstI restriction site at the 5Ј end. The fragment was digested with PstI and BglII and ligated into pCambia 3301. Arabidopsis (Col-0) transformants were selected with Basta. Generation of CYP79B2p::GUS plants and GUS staining has been described (13) . Infection with P. syringae was performed at 24°C (24) by using a suspension of the strain DC3000͞avrRps4 (25) at OD 600 0.1 in 10 mM MgCl 2 .
Results
IAOx Is a Precursor of Camalexin. The role of IAOx as intermediate in camalexin biosynthesis was investigated by in vivo feeding of isotope-labeled indole, tryptophan, and IAOx to Arabidopsis leaves in which camalexin production was induced by spraying with AgNO 3 (8) . We used this treatment because it is highly reproducible and eliminates the contribution of microbial metabolic activity. Spraying with 0.02% Silwet L-77 alone did not result in camalexin formation (data not shown). When AgNO 3 -treated leaves were incubated with 6-F-indole, 6-F-tryptophan, and 6-F-IAOx all three compounds were shown to be precursors for 6-F-camalexin because 27 Ϯ 2% (n ϭ 2), 12 Ϯ 1% (n ϭ 2), and 60 Ϯ 2% (n ϭ 2), respectively, of total camalexin was fluorinated as calculated after liquid chromatography-MS analysis. Addition of an equal amount or a 5-fold molar excess of unlabeled IAOx in combination with 0.5 mM 6-F-IAOx yielded, respectively, 31% and 14% fluorinated camalexin, suggesting that 6-F-IAOx incorporation is not due to discrimination between hydrogen and fluoro substitution. Similarly, administration of 14 C-labeled indole, tryptophan, and IAOx resulted in incorporation into camalexin of, respectively, 20 Ϯ 7.0, 3.5 Ϯ 1.2, and 8.9 Ϯ 4.6 nCi͞g camalexin (n ϭ 4).
Camalexin Levels in cyp79B2͞cyp79B3 and Other Knockout Mutants.
We analyzed the production of camalexin in rosette leaves of 4-and 6-week-old plants of single knockout mutants of cyp79B2 and cyp79B3, and in cyp79B2͞cyp79B3 double mutants (20) , to investigate the origin of the IAOx involved in camalexin biosynthesis (Fig. 2) . A sensitive HPLC method based on fluorescence for quantification of camalexin was used allowing detection of 1 pmol of camalexin. Twenty-four hours after AgNO 3 treatment, 4-and 6-week-old WT plants synthesized, respectively, 8.3 Ϯ 2.3 and 5.3 Ϯ 1.7 g of camalexin per g of fresh weight, whereas less than 1% of the WT level (18 Ϯ 16 and 19 Ϯ 15 ng͞g, respectively) was detected in the cyp79B2͞cyp79B3 double mutant. In the cyp79B2 single mutant, a tendency toward reduced camalexin production was observed in comparison with WT and cyp79B3 mutant (Fig. 2) . Six-week-old 35S::CYP79B2 plants synthesized WT levels of camalexin (5.6 Ϯ 2.1 g͞g, n ϭ 6).
We investigated camalexin concentrations in the ''high-auxin'' mutant sur1 that is completely devoid of glucosinolates (17) . Four-week-old sur1 mutants grown on Murashige and Skoog medium synthesized 2.1 Ϯ 0.7 g of camalexin per g (n ϭ 5). This finding demonstrates that camalexin is not derived from indole glucosinolates or its degradation products. To test whether the reduced camalexin production in sur1 was an effect of high auxin levels, WT seedlings were grown for 4 weeks on Murashige and Skoog medium containing 1 M of the auxin 2,4-D. This treatment yielded a decrease in camalexin production (0.34 Ϯ 0.05 g͞g, n ϭ 4) compared with 3.6 Ϯ 2.7 g͞g (n ϭ 7) in seedlings grown on Murashige and Skoog medium without 2,4-D. This finding suggests that the high level of auxin in sur1 is inhibitory to camalexin production.
Camalexin levels in 6-week-old pad3 (phytoalexin deficient 3) plants (26) that are mutated in CYP71B15, which is suggested to be involved in camalexin biosynthesis, was Ϸ2% of WT level (0.13 Ϯ 0.11 g͞g, n ϭ 6), as previously shown (27) . The presence of camalexin in induced cyp71B15͞pad3 plants was confirmed by liquid chromatography-MS.
Induction of CYP79B2. Analysis of gene expression following treatment with AgNO 3 was performed by probing a customdesigned oligoarray, which carries a selection of Arabidopsis genes including all cytochromes P450, with labeled RNA isolated 16 h after AgNO 3 treatment, at which time point camalexin is synthesized at a high rate (8) . Twenty-five genes were significantly (Ͼ2-fold) induced or repressed (Tables 1 and 2) . Specifically, CYP79B2 was induced 3-fold, whereas no significant up-regulation of CYP79B3 was observed (Table 1) . CYP71B15͞ PAD3, suggested to be involved in camalexin biosynthesis (26), was not up-regulated. Tissue-specific induction of CYP79B2 was further investigated in 6-week-old CYP79B2p::GUS plants (13). As shown above, basal levels of CYP79B2 were expressed in untreated rosette leaves (Fig. 3A) . After AgNO 3 treatment, enhanced GUS expression was observed in tissue surrounding cells showing symptoms of hypersensitive response (Fig. 3 B and C) . After infiltration of the plants with P. syringae DC3000͞avrRps4, strong GUS staining was observed (Fig. 3 D and E) , whereas control leaves infiltrated with 10 mM MgCl 2 showed a weak, wounding-induced response (Fig. 3F) . In comparison, CYP79B3p::GUS plants showed higher constitutive GUS expression (Fig. 3G) , but no enhanced GUS expression was detected after AgNO 3 treatment (Fig. 3H) . CYP79B3 expression in plants infiltrated with P. syringae (Fig. 3I) was comparable with CYP79B3 expression in plants infiltrated with 10 mM MgCl 2 (Fig. 3J) , indicating that the observed expression reflects a wounding-induced response.
Discussion
In this article we demonstrate that camalexin is synthesized from IAOx that is derived from tryptophan in a reaction catalyzed by CYP79B2 and CYP79B3. In addition, we suggest that CYP79B2 Four independent experiments were performed on an custom-designed oligoarray representing all Arabidopsis cytochromes P450 (CYP) and selected metabolic genes (see Methods).
Table 2. Microarray data of genes significantly repressed in Arabidopsis rosette leaves 16 h after spraying with AgNO3
Gene Locus Down-regulation, fold
Four independent experiments were performed on an custom-designed oligoarray representing all Arabidopsis cytochromes P450 (CYP) and selected metabolic genes (see Methods). and CYP79B3 have differential functions, because CYP79B2 induction, specifically, is correlated with camalexin biosynthesis.
In Vivo Labeling of Camalexin. We show that IAOx is a precursor for camalexin as evidenced by incorporation in vivo of externally applied fluorinated and 14 C-labeled IAOx into camalexin. Incorporation of radioactivity from [2Ј-14 C]IAOx shows that C-2Ј in the thiazolin group of camalexin is derived from IAOx, which excludes incorporation of radioactivity via degradation of IAOx to free indole. In parallel experiments, we confirm that indole is a precursor (10) . Fluorinated and 14 C-labeled tryptophan was incorporated with low efficiency. Low tryptophan incorporation has been observed in a study using 3 H-labeled tryptophan and anthranilate (8, 9) and led to the suggestion that tryptophan was not a direct, or was at best a poor, precursor of camalexin. Generally, interpretation of in vivo labeling experiments is complicated by difference in the ability of compounds to be taken up and transported to the site of the biosynthetic machinery that might be localized to different compartments even for the same pathway. In support of tryptophan-independency in camalexin biosynthesis, it was mentioned that the tryptophan synthase mutants trp3-1 and trp2-1 are not impaired in camalexin biosynthesis (8) . However, it was recently shown that trp3-1 is not tryptophan-limited, because it synthesizes elevated levels of tryptophan-derived glucobrassicin (28) . Possibly, externally applied tryptophan is not efficiently transported to the compartment where camalexin is synthesized and͞or it is consumed by other metabolic processes.
IAOx Is a Central Metabolic Branching Point in Arabidopsis.
The absence of indole glucosinolates and camalexin in Arabidopsis cyp79B2͞cyp79B3 double mutant shows that only CYP79B2 and CYP79B3 contribute significantly to the IAOx pool(s), from which camalexin and indole glucosinolates are synthesized. Accordingly, neither the biochemically characterized plasma membrane-bound peroxidase catalyzing IAOx production (29) nor the proposed IAOx-forming pathway via YUCCA (30) contribute significantly to biosynthesis of camalexin or indole glucosinolates.
It has been hypothesized that cruciferous indole phytoalexins are derived from indole glucosinolates (5). However, we observe induction of camalexin in the mutant sur1 that is completely blocked in its biosynthesis of glucosinolates (17) . This finding excludes the possibility that camalexin is synthesized via indole glucosinolates. Interestingly, in vivo labeling of brassinin from Brassica rapa has shown more efficient incorporation of deuterated IAOx than deuterated indole glucosinolate into brassinin, suggesting that brassinin is not derived from the intact glucosinolate but directly from IAOx (19) . Based on these observations and our data, we propose that all cruciferous indole phytoalexins with N-and S-containing side chains at the C-3 position are synthesized from tryptophan via IAOx in a reaction catalyzed by CYP79B homologs and that at least some of the indole phytoalexins including camalexin are not derived from indole glucosinolates.
Early enzymatic studies have identified IAOx as a precursor of IAA (16) . A possible role of IAOx in IAA biosynthesis is further evidenced by the high-auxin phenotype of sur1 and sur2 that are blocked in postoxime enzymes in the glucosinolate pathway, resulting in channeling of IAOx into IAA (14, 17, 18) . Expression of the IAOx-metabolizing CYP83B1 in glucosinolate biosynthesis was not significantly affected by treatment with AgNO 3 in our microarray experiments (Tables 1 and 2) . Because CYP83B1 has a very high affinity for IAOx (14) , this observation suggests that the IAOx-metabolizing enzymes in camalexin and IAA biosynthesis compete with CYP83B1 for IAOx, unless independent pools exist. Interestingly, S-alkyl thiohydroximate intermediates that are produced in vitro by the oximemetabolizing CYP83 enzymes in the glucosinolate pathway undergo internal cyclization to form a thiazoline ring with structural similarity to the thiazol ring in camalexin (15) . CYP83A1 and CYP83B1 belong phylogenetically to the CYP71 family (31) , as does the oxime-metabolizing enzyme in the biosynthesis of cyanogenic glucosides (32) . This relationship suggests that the oxime-metabolizing enzyme in camalexin biosynthesis may belong to the CYP71 family. CYP71B15͞PAD3 is implicated to be involved in camalexin biosynthesis.
In conclusion, IAOx represents an interesting metabolic branching point, at which the flux of IAOx into camalexin, indole glucosinolates, and IAA must be controlled in a well structured organization at the 3D level of the different metabolons.
Differential Function of CYP79B2 and CYP79B3 in Camalexin Biosynthesis. A difference in the expression pattern of CYP79B2 and CYP79B3 was observed in rosette leaves 16 h after AgN0 3 treatment. The transcript level of CYP79B2, and not that of CYP79B3, was increased, as is evident from our cytochrome P450 microarray data. Similarly, GUS staining of leaves after AgNO 3 treatment showed induction of CYP79B2, but not of CYP79B3, and the induction was localized to areas surrounding spots that received AgNO 3 spray (Fig. 3C ). This finding suggests that the local induction of CYP79B2 in the leaf is much higher than observed in the array data where whole-leaf RNA was used. The GUS and array data are in agreement with the observed tendency to reduction of camalexin production in the cyp79B2 mutant compared with the cyp79B3 mutant (Fig. 2) .
The effect of infection with camalexin-inducing pathogens on gene expression has been investigated in a number of microarray technology studies. We surveyed the available array data to evaluate our observation that CYP79B2 and CYP79B3 play different roles in camalexin biosynthesis. Upon Alternaria brassicola infection, CYP79B2 was induced 3-fold after 24 h and 4.7-fold after 48 h induction (33) . By using the same pathogen in a different experimental setup, as high as 45-, 50-, and 71-fold induction of CYP79B2 was observed in WT plants 12, 24, and 36 h, respectively, after infection (34). Upon P. syringae pv. ES4326 infection, a 27-to 42-fold induction of CYP79B2 was observed after 30 h (35), in accordance with our GUS-staining data after infection with P. syringae DC3000͞avrRps4. Under the various experimental conditions, no or minor CYP79B3 induction was detected. The strong induction of CYP79B2 by eukaryotic and prokaryotic pathogens and by the abiotic elicitor AgNO 3 indicates that CYP79B2 plays a critical role in camalexin biosynthesis.
In CYP79B2 overexpressing plants, no elevated camalexin levels have been observed. Therefore, the rate-limiting step of camalexin biosynthesis after AgNO 3 induction is downstream of IAOx. The transcript level of CYP71B15͞PAD3 was shown to be strongly induced by both A. brassicola and P. syringae infection (34, 35) but not significantly increased 16 h after AgNO 3 treatment in our microarray experiment, despite camalexin induction. A possible explanation is that CYP71B15͞PAD3 induction is stronger after treatment with A. brassicola and P. syringae in comparison with AgNO 3 , and the constitutive CYP71B15͞PAD3 level is sufficient for camalexin response, suggesting a yet unknown enzyme to be rate-limiting for camalexin biosynthesis.
In summary, the present data have made us reformulate the biosynthetic pathway of camalexin, because we demonstrate that camalexin is synthesized from tryptophan via IAOx by CYP79B homologues and that it is not derived from glucosinolates or their degradation products. This is an important step in the elucidation of the biosynthetic pathways of cruciferous indole phytoalexins for future metabolic engineering of plants with improved disease-resistance and cancer-prevention properties. The data show that IAOx is a key branching point between several secondary metabolic pathways as well as primary metabolism, where IAOx has been shown to play a critical role in IAA homeostasis.
